The onset of misfit dislocation generation is investigated and the critical thickness is determined by transmission electron microscopy using the epitaxial lift-off technique for InGaAs/GaAs single heterostructures and single quantum wells. The observed geometries of the dislocations in both cases are in good agreement with the predicted models [J. Appl. Phys. 41, 380O ( 1970) and J. Cryst. Growth 27, 118 ( 1974)]. However, each dislocation undergoes the predicted elongation mechanism [J. Appl. Phys. 41, 3800 (1970)] at different strained-layer thicknesses. A comparison of the predicted and the experimental critical thicknesses is given.
I. INTRODUCTION
Lattice mismatched III-V compound semiconductors, based on heterostructures, have played a very important role in the development of high-performance semiconductor devices, such as field-effect transistors, heterojunction bipolar transistors, high electron mobility transistors, highspeed switching lasers, optoelectronic devices, and solar cells, due to their different energy band gaps. Figure 1 shows the lattice parameters and the energy band gaps of some III-V semiconductors. ' The In,Gat -&/GaAs strained-layer system has received considerable attention because the band gap lies in the range 0.36-1.35 eV. However the lattice mismatch (up to 7%) between the In,Ga,-& and the GaAs layers can result in defects, especially misfit dislocations, at the strained interface. The accommodation of lattice mismatch across the interface between the strained epitaxial layer and its substrate was considered theoretically first by Frank and van der Merwe" who demonstrated that the lattice mismatch could be accommodated elastically until a critical thickness is reached. Beyond the critical thickness, misfit dislocations are introduced. A number of misfit dislocation nucleation mechanisms have been proposed and the related critical thicknesses have been considered theoretically."-" The critical thicknesses of structures such as In,Gai -,As/GaAs single heterostructures and single quantum wells have been determined experimentally by many authors. 'l-3' In this article, specimens prepared by the epitaxial liftoff (ELO) technique are used to examine the onset of misfit dislocation introduction in both single heterostructures and single quantum wells. From these observations, an accurate determination of the respective critical thicknesses is obtained and compared with theory. ' IPresent address: Defence Research Agency, Electronic Division, RSRE Malvern, St. Andrews Rd., Great Malvern, Worm WR14 3PS, UK.
II. TECHNIQUES FOR DETERMINATION OF CRITICAL THICKNESS
To determine the critical thickness for misfit dislocation introduction in In,Gai -,As/GaAs structures, a number of techniques have been used in the past. These techniques can be classified into two kinds. The first involves indirect methods, such as double-crystal x-ray diffraction,"-" photoconductivity,' photoluminescence spectroscopy,"1*2. '4'16-26134 Raman scattering,27 and Hall effect measurements. ",21*22,28,29 The second involves direct methods, such as transmission electron microscopy (TEM) ,24,30-33 cathodoluminescence (CL) ,32,34 electron beam induced current ( EBIC),35 x-ray topography (XRT) ,35 photoluminescence microscopy U'LM), '3,28,29,36,37 and phase contrast optical microscopy COW. 11,12$25,26 The common point of the indirect techniques is that they detect the loss of coherency for the heterostructures by detecting the relaxation of the strain. However, in general a large number of misfit dislocations must be present at or near the strained interface to cause measurable relaxation. So for indirect methods the critical thickness is frequently taken to mean the thickness at which the loss of coherency is first detected. This is different to the strict definition of critical thickness, which is the thickness at which the first misfit dislocation nucleates. Therefore, the indirect methods have a low sensitivity for the determination of critical thickness. By contrast, direct methods image the misfit dislocations directly; their sensitivity depends upon their resolution and sampling area. The spatial resolution of CL, EBIC, OM, PLM, and XRT techniques is poor (the order of a micron), and so they cannot detect the initial stage of misfit dislocation nucleation when the initial misfit dislocation segments are less than 1 pm in length. Nevertheless, the sensitivities of these direct techniques for the determination of critical thicknesses are much higher than those of the indirect techniques. Fritz" pointed out that the differences in sensitivities could explain the differences in experimentally determined critical thickness values.
Because of these difficulties, a more sensitive technique is required to determine the critical thickness experimentally. TEM, being a direct imaging technique, is among the most sensitive of the above techniques, and it has relatively high resolution (approximately 2 nm for diffraction contrast and 0.2 nm for atomic imaging). Plan-view TEM observations allow threading dislocations to be observed at the first stage of elongation. As an example, Fig. 2 is a plan-view micrograph of an EnGaAs/GaAs heterostructures; (a)-(b) is a threading dislocation within the substrate, while (b)-(c) is a misfit dislocation segment and (c) -(d) is the threading dislocation leading to the strained-layer free surface. Using standard specimen preparation techniques (ion beam milling or chemical etching), only limited areas of view (normally -100 pm in diameter) are available, so that it is difficult to observe many dislocations where the dislocation density is low (typically 104/cm2). For this reason, the EL0 technique of specimen preparation, which provides a much larger area for investigation, is used. 
III. SPECIMEN PREPARATION BY THE EL0 TECHNIQUE
Konagai et aL'9 first demonstrated the EL0 technique which was subsequently extended and refined by Y'ablonovitch et aZ.,40 and this technique has been used for TEM studies by several authors.33p41A3 Yablonovitc-h et aLM used the high selectivity (> 10') of HF acid for etching AlAs compared to GaAs to lift-off an epitaxial GaAs layer separated from a GaAs substrate by a thin AlAs layer. As can be seen from Fig. 1 , the lattice parameters of AlAs and GaAs are very close (0.16% difference) and so the inclusion of an AlAs layer does not introduce significant strain.
Our specimens were grown by molecular beam epitaxy (MBE). Following growth of a 0.25 pm GaAs buffer layer on a semi-insulating GaAs (00 1) substrate, a 500 A layer of AlAs was deposited followed by another 3400 A buffer layer of GaAs, and then followed by, the epitaxial heterostructure(s). The growth temperatures for the strained InGaAs layer was 530°C and for the GaAs buffer and capping layers it was 600 "C. Rapid temperature ramping was done during the GaAs growth. The growth rate was about 3 hs. The epitaxial layers were then floated ofI using 10% HF acid etch. Figure 3 shows a schematic diagram of the structures and the lift-off process. Specimens prepared in this way were floated onto 100 mesh copper grids. Uniformly thick regions of specimen extended over the full width of the grid, so that the entire area could be investigated for dislocations, and it was found that dislocations lying in the interface could be traced for their entire length. Details of the specimen preparation are given in Ref.
33. An example of a typical plan-view TEM specimen is shown in Fig. 4 .
In previous applications of the EL0 technique,41a3 balanced structures were used, with the strained-layer sandwiched between GaAs layers of equal thickness. However, we have successfully prepared plan-view TEM specimens with unbalanced structures, where a strained In,Ga tWxAs (x=0.1 and 0.2) layer is epitaxial on a GaAs buffer layer. Due to the high lattice mismatch (up to FIG. 4 . TEM image of an EL0 film on a 100 mesh grid.
1.44%) between the strained-layer and the buffer layer, the main problem for such a technique is that the film might be distorted by the change in strain as it releases from its substrate. The possibility that dislocations are introduced or that dislocation configurations are changed during specimen preparation by the EL0 technique must be addressed. To consider this point, specimens were prepared both by standard chemical etching and by lifting-off from the same wafer. The results (see below) show no significant differences in dislocation configurations between the two methods. Critical thickness determinations by TFM are generally carried out by extrapolating observations from specimens with thickness h considerably greater than the critical thickness. In the present study, specimens of increasing strained-layer thickness are examined to detect the thickness at which the first threading dislocation extend in the strained interface(s). We have determined the critical thicknesses for single heterostructures and single quantum wells for x=0.1 and 0.2. For single heterostructures, the plan-view TEM specimens prepared by the EL0 technique involve a strained In,Gat-,As layer on a 3400 A buffer layer of GaAs. The single quantum wells involve a strained In,Ga,-,As layer sandwiched by 3400 A GaAs capping and buffer layers. TEM investigations were performed using a Philips EM430 operated at 300 kV.
A. Single heterostructures A series of specimens of hA Ino.,Gao,As/3400 A GaAs with h = 200-400 A (steps of 20 A), 800, 1200, and 1600 8, were systematically investigated by TEM using 220 reflections. All misfit dislocations are revealed using these reflections.
For h<220 A, only threading dislocations [an example of which is shown in Fig. 5 (a)] were found and a very low threading dislocation density (less than ten threading dislocations in each hexagonal hole of Fig. 4 ) was obtained.
For h)240 A, three dislocation geometries were observed (see Fig. 5 ): (i) threading dislocations; (ii) threading dislocations with short misfit dislocation segments; and (iii) long misfit dislocations ( > 0.5 mm). For the specimen with h=240 A, the vast majority of dislocations were of type (i), with only a few of type (ii). Therefore, the critical thickness h, for x=0.1 is taken to be 240 A. The fact that no misfit dislocations were observed in any specimen with h<220 8, is evidence that the EL0 technique does not introduce misfit dislocations into the system. To further check the reliability of the EL0 technique, many plan-view TEM specimens with h = 220 and 240 A were prepared by standard chemical etching. The dislocation configurations in these specimens were in excellent agreement with those made by the EL0 technique.
For specimens with h in the range 280 %, to over 400 A, dislocations with all three coexisting geometries were found. Examples of each in a specimen with h =280 A are shown in Fig. 5 . Occasionally, the point where the misfit dislocation of type (iii) made an exit at one or another surface could be found.
For h>400 A, a 60" misfit dislocation network was observed, an example of which is shown in Fig. 6 . The misfit dislocation density increased with increasing h. A similar study was carried out on a series of specimens with x=0.2 [h =40 A to 180 A (steps of 20 A)]. Similar results were obtained and the critical thickness was determined to be 160 A.
In conclusion, the three dislocation geometries observed in the single heterostructures are in good agreement with the three stages of Matthews mechanism.3*5'6 However the observations indicate that each dislocation undergoes this mechanism at different strained-layer thicknesses. For any strained-layer Jhickness h greater than h,=240 A (x=0.1) and h,= 160 A (x=0.2), both threading and partially extended dislocations exist. The proportion of threading dislocations [type (i)] decreases with increasing h. A schematic diagram for the density of the three types of dislocation geometry as a function of strained-layer thickness is shown in Fig. 7 .
B. Single quantum wells
To determine the critical thickness of GaAs/ In,Gai -,As/GaAs single quantum well systems, specimens were grown consisting of varying thicknesses, h, of In,Gat-,As (x=0.1 and 0.2) sandwiched between 3400 A GaAs capping and buffer layers. The values of h were: ( 1) h =320,350,380,400,500,600,700, and 800 A for x=0.1; (2) h=8&200 A with 20 A steps for x=0.2. Plan-view TEM specimens of single quantum well structures were prepared by the EL0 technique. As for the single heterostructures, these mechanically balanced layers yielded extensive thin regions for TEM investigation.
In addition to the three types of dislocation geometries found in the single heterostructures, four further disloca- 
0 h, I-Strained-layer thickne.ss tion geometries were observed (as shown in Fig. 8 ) in some single quantum well specimens.
( 1) The dislocation of type (I) in Fig. 8(a) is a bracket-shaped (3) threading dislocation similar to the dislocation of type (i) in Fig. 5 (a) . The deviation in the middle from a straight line is caused by the strain between the InGaAs layer and the GaAs layers.
(2) The dislocation of type (II) in Fig. 8 (b) is a misfit dislocation (c)- (d) lying in the interface between the strained-layer and the buffer layer, similar to the dislocations of types (ii) and (iii) observed in the single heterostructure, with a threading part (b)-(c) in the strainedlayer and a threading part (a)-(b) in the capping layer. At the tip (c) of the threading part in the interface, there is a deviation generated by the strain at the interfaces.
(3) The dislocation of type (III) in Fig. 8 (c) can be explained as resulting from the glide of type (ii) or type (iii) dislocation in either or both buffer and capping interfaces over a short distance.
(4) The dislocations of type (IV) in Fig. 8(d) correspond to the glide of dislocations similar to that in Fig.  8(c) , but over long distances.
We refer to types (III) and (IV) as half misfit dislocation loops. The mechanisms of (3) and (4) above need s,ome explanation. During MBE growth, and at the end of the InGaAs deposition [see Fig. 9 (a) ], dislocations of types (i), (ii), and (iii) exist, to different extents depending upon the thickness h of the strained-layer. If h <H, (H,, the critical thickness of the single quantum well system), then the strain is insufficient to extend interfacial dislocations of type (ii) or (iii) in both interfaces, and the threading dislocation grows directly through the GaAs capping layer [See Fig. 9 (b) ]. But if h > H,, then the strain is sufficient to extend inter-facial dislocations in both interfaces [see Fig. 9(c) ]. So the first observation of dislocation geometries of the form shown in Fig. 8(c) is evidence that h = H,. Furthermore, because dislocations of types (ii) and (iii) have been freed from any pinning (see later), the mechanism of Fig. 9 does not require the overcoming of any pinning barrier. Therefore, the experimental critical thickness can be defined as the thickness at which the type (III) dislocation geometry is first observed.
For specimens with x=0.1 and h ~400 & only dislocations with types (I) and (II) configurations were observed. The fatit that no half misfit dislocation loops were found indicates that the strained-layer thickness did not exceed the critical thickness for the single quantum well. At layer thickness h=400 A, dislocations of type (III) were observed. For layer thicknesses h > 400 A;, three types [(I), (III), and (IV)] of dislocations were observed. Therefore the critical thickness H, of In,-,lGa,,9As in the single quantum well system was determined to be 400 A.
A similar study was carried out for a series of In,,,G%.,As single quantum well specimens. Type (I) and type (II) dislocations were observed for h= 140 A, while types (I), (II), and (III) dislocations were observed for h>l60 A. From this, the critical thickness H, was determined to be 160 A.
The geometries of the dislocations observed in the single quantum wells are in approximate agreement with the several stages.of the Matthews' mechanism,4 but with two refinements: (1) before h reaches H,, the threading dislocations could elongate in the buffer interface if h>h, and (2) after h passes H,, some threading dislocations of type (I) exist. These observations can be explained as follows: if a capping layer is grown epitaxially on a strained-layer of thickness h>h, all three dislocation geometries will be present, in proportion to the values given diagrammatically in Fig. 7 . There are then two situations to consider: ( 1) threading dislocations and (2) dislocations with misfit segments in the buffer interface. In the first case, the threading dislocations can extend with the segment in the capping layer being colinear with the segment in the substrate as seen in Fig. 8 (a) or they can elongate at the buffer interface during the initial growth of the capping layer and then form a dislocation geometry as shown in Figs (1-y) cos Qbh, where b is the magnitude of the Burgers vector, p is the shear modulus, Y is Poisson's ratio, 0t is the angle between the slip direction and that direction in the interface which is perpendicular to the line of intersection of the slip plane and the specimen surface, and E is the misfit strain. Before the formation of misfit dislocations, E is equal to the lattice mismatch, J; of the strained-layer with respect to the substrate. The force resisting dislocation elongation is the line tension (F, ) :
where 8 is the'angle between the misfit dislocation line and its Burgers vector. When the driving force for misfit dislocation .nucleation is sufficient to overcome the dislocation line tension, a threading dislocation could elongate in the interface. The balance of the two forces gives an expression for the critical thickness in the single heterostructure:
Here E is replaced by f since no misfit dislocation exists until the critical thickness is reached. A plot of the single heterostructure critical thickness for the In,Ga, -,As/ GaAs system against indium concentration (lattice mismatch) as given by Eq. (3) is shown in Fig. 10 . The experimental values reported above are marked in the figure.
It is seen that the critical thicknesses determined by TEM are greater than those predicted by Eq. (3). It should be noted that Eq. (3) is derived from the simplest situation when only two forces are considered. However, there are a number of factors in addition to the line tension which resist dislocation elongation and these must be considered.
First, during the elongation of the threading dislocation a surface step is created (or destroyed). The force resisting the creation of a surface step can be expressed as6
where 8' is the angle between the threading dislocation line direction at the surface and its Burgers vector, and a, is the surface tension (suggested6 to be equal to pb/8). The surface force is a resistance force when the threading dislocation meets a perfect surface and so it increases the critical thickness as can be seen from Fig. 10 . The increase is greatest at higher indium fraction and of the order of lo%-20% at x=0.1 and 0.2. Jesser and Fox have modeled the dislocation elongation as being resisted by the activation energy of the dislocation diffusion,4*45 where the dislocation motion is considered to be controlled by the diffusion of the dislocation core. In this model, there is a residual strain, ep, required to overcome the barrier. Then Eq. (3) can be modified asMp4'
with
where. C is a material constant for a certain strained system. So the residual strain depends on the growth temperature, the activation energy, and the constant C. However, if the dislocation motion is controlled by the generation of kinks, e.g.,46>47 it is only the velocity of dislocation. elongation which is effected, and so there is no influence on h,. Finally, dislocation motion may be retarded by point defects or solute atoms which segregate to the dislocation. Jesser and Fox4745 have discussed this effect by replacing (f-e,) in Eq. (5) by (f-ep--e,) , where e0 is'the barrier due to the pinning. In fact, as the threading-dislocations are grown in during MBE deposition, itjs likely that the dislocation cores will be decorated due to the affinity for particular atomic species at the surface step of the dislocation core during growth. Decorated dislocations would require tin extra stress to overcome pinning. This decoration pins threading dislocations and acts as a static friction force. As soon as the threading dislocation starts to elongate, it breaks away from the decoration, and this force disappears.
The observations shown in Fig. 7 can be explained as due to the decoration of threading dislocations by impurities and/or segregation. Because of random amounts of dislocation decoration, it is expected that there will be differences in the force required to overcome pinning for different threading dislocations. This explains not only the range of strained-layer thicknesses over which dislocations were found to commence'extending in the interface, but also the fact that only a few threading dislocations commenced extension at the value of h, as determined by the exper'iments. 
The analysis, above, of the single heterostructures is relatively complicated because, as seen above, several forces acting on a threading dislocation need to be considered. To simplify the problem, the single quantum well case was investigated. The simplest nucleation mechanism for the misfit dislocation corresponds to a threading dislocation elongating simultaneously in both interfaces (the buffer and the capping interfaces) of the single quantum well system. Due to the existence of two interfaces, the driving force needs to overcome two line tensions to extend the misfit dislocation at the interfaces and form a half misfit dislocation loop, i.e., F,>2F,.4 Twigg4' pointed out that if the capping layer thickness is more than twice that of the strained-layer, the capping layer thickness can be considered to be infinite. This is the situation here. Then the critical thickness H, for the single quantum well system is obtained from FE=2F1 and so Figure 11 shows the theoretical critical thickness as a function of indium concentration as given by Eq. (6). It is noted that there is no surface effect during the formation of a half misfit dislocation loop. Also in the case where a misfit dislocation segment has been formed at the start of growth of the capping layer, the decoration has been overcome and so these two forces disappear for the single quantum well case. The experimental values are marked.
From Fig. 11 , one Iinds that the experimental values of critical thickness are close to those predicted by Eq. (6); that is, they are in relatively good agreement with the values of H, predicted by equating F, and 2F,. Because there is no surface effect and no dislocation decoration in this case, any further discrepancy between the experimental critical thicknesses and the theoretical critical thicknesses given by Eq. 6 may be explained as being due to the barrier to motion which must be overcome (i.e., either the diflusion of the dislocation core, or the sufficiently rapid formation of kinks).
VI. DISCUSSION
A number of points arise from these observations: ( 1) It is evident from Fig. 10 that, for the single heterostructure, the discrepancy between the. experimentally determined h, and the theory is far greater for x=0.2 than for x=0.1, whichever theory is used.
(2) For x=0.2, h, and H, have both.been determined as 160 A.
(3) The agreement between H, and the theory for both x=0.1 and x=0.2 is relatively good.
Taken together, these results suggest that the value of h, determined for iLO.
is in error. The explanation is that for the conditions of growth used (see above) for x=0.2, no dislocations are sufficiently free. from pinning (dislocation decoration) to allow dislocation elongation at the true critical thickness. If the pinning barrier is sufficiently large, the thickness required to provide sufficient strain may be so large that it exceeds H, for an unpinned dislocation. In'that case, the measured h, and the measured H, will be equal. This is the case in this study. The consequence is that the H, measured here, while an accurate experimental value, is subject to pinning.
We can be confident that, for x=0.1, the determination of H,=400
A is for unpinned dislocations. This is because h,=240 A <H,, which implies that during capping layer growth of the single quantum well system, decoration-free dislocations are present for h > 240 A. For x=0.2, the position is not straightforward. We have H, = h,= 160 A, which implies that, during capping layer growth of the single quantum well system, no decorationfree dislocations are present for h < 160 A. However, as reported above, type (II) dislocations were in fact observed for h= 140 A in the single quantum well system with x=0.2. This means. that-for these growths, decoration-free dislocations were available in the single quantum well system at h= 140 A. The reason why they are not observed in the single heterostructure at h= 140 A could be that the growth temperature is raised in the single quantum well system immediately prior to growth of the capping layer, releasing the pinned dislocations.
Lo._ -VII. CONCLUSIONS
The EL0 technique for TEM specimen preparation has been successfully applied to the study of the initial stages of misfit dislocation generation in the In,Gai-,As/GaAs system. The earliest stages of misfit dislocation generation have been observed. The critical thicknesses have been determined by TEM in both single heterostructures and single quantum wells and a comparison between theory and experiment has been given. For x=0.1, H,=400
A, and h,=240 A; for x=0.2, H,=h, = 160 A. The values for H, are free of pinning effects, but for h, they are not. In all cases, they are the correct exper-imental critical thickness as defined by the onset of dislocation elongation in the specimens analyzed.
In this article, no account has been taken of the fact that the misfit dislocations may be dissociated in these systems,31*4g nor to differences in dislocation behavior between a and fl dislocations. The difference between the cores of a and fi dislocations may manifest itself in a difference in impurity pinning, and consequently in a difference in critical thickness for a and /3 dislocations." These points are under investigation.
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